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ABS TRA C T 
The presence of beta phase (Mg5A18) in the micros t ruc ture  of 
In the investigation covered by 
welded 5456 aluminum alloy may  be detr imental  to  the strength and 
corrosion e roper t ies  of the welds. 
this report ,  the influence of solidification r a t e  on the quantity, dis-  
tribution, and particle s ize  of the beta phase was established to  
determine i f  control of the phase is  feasible through regulation of 
the solidification rate .  Experiments with small  castings indicate 
that l imited control of the quantity and distribution of the beta phase 
is  possible. 
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SUMMARY 
The effect of solidification rate on the quantity, distribution and 
par t ic le  s ize  of the beta phase iii 5456 aluminum alloy was de t e r -  
mined. Experiments  with 50 gram castings indicate that the quantity 
of beta phase decreased with decreasing solidification ra te  while the 
par t ic le  s ize  and spacing increased. A s  much as  7. 3 volume percent  
of the beta phase was observed in castings cooled through the solidifi- 
cation tempera ture  range at a rate of 18OC per  second (18OC/sec). 
In the fusion zone of a welded three-fourth inch 5456 plate, 8 t o  9 
volume percent  of the beta phase was observed. 
experiments with small 5456 castings, i t  appears  that  the quantity 
of beta phase in welds could be  reduced to 3.5 to  4 .5  volume percent 
by cooling through the solidification range a t  a ra te  of 4 to 6OC/sec. 
On the bas i s  of 
3 
the approximate fraction of liquid present at any temperature  during 
solidification. 
tempera ture  permi ts ,  through application of the lever  law, calculation 
of the nonequilibrium 
Knowledge of the fraction of liquid remaining at any 
solidus f o r  an alloy of a given composition. 
Equation (1 ) 
where: f L  = fraction of liquid present  at any temperature  during 
Xo = initial concentration of solute in melt  
XL = concentration of solute in liquid at temperature  
Xs = concentration of solute in solid a t  temperature  
none quilib r ium solidification 
It should be noted that certain assumptions a r e  inherent in the 
application of this  equation. (1) It is assumed that diffusion in the 
solid is negligible. This i s  a valid assumption, par t icular ly  in the 
case  of alloys solidifying a s  rapidly as  weld deposits. 
a s sumed  that diffusion is complete in the liquid. 
of the solid formed on cooling through any infinitesimal tempera ture  
interval  is given by the solidus of the phase diagram. This assumption 
i s  fundamental to  phase diagram interpretation in general .  (4) It i s  
assumed that the liquidus and solidus of the binary system approximate 
s t ra ight  l ines.  Reference to  FIG 1 will show this  to be a reasonable 
approximation in the case  of the Al-Mg system. 
(2 )  It i s  
(3) The composition 
Equation (1) was evaluated for the case  of an aluminum-5’% 
magnesium alloy at tempera tures  of 450, 500 and 55OoC (842, 932 and 
1022OF). 
tempera tures ,  as the resul t  of nonequilibrium solidification, a r e  
given below: 
The calculated fractions of liquid present  a t  each of these 
0 
Temp. C f L  
450 
500 
550 
. 0 2 0  
.046 
.115 
5 
were  etched lightly with a modified Kel le r ' s  reagent to reveal  the 
phases.  Analyses of the quantity and distribution of phases  in  the 
cast ings were made by standard quantitative metallographic procedures  
(Ref. 5). 
f r o m  the p r i m a r y  alpha, all quantitative measurements  re la te  only the 
amount of beta phase in the alloy castings. 
Since the alpha phase of the eutectic could not be distinguished 
Point counting was used t o  determine the quantity of beta phase 
p re sen t  in the castings.  
g lass  plate of a metallograph, the specimen micros t ruc ture  was pro-  
jected onto the ground g lass  a t  a magnification of 750x,and the number 
of gr id  intersect ions falling on the beta phase was counted. 
fraction of beta phase was then calculated f rom Equation (2)  
A grid was superimposed over the ground 
The volume 
fv = N INt Equation (2)  P 
where: f, = volume fraction 
Np = number of grid intersections falling over beta phase 
Nt = total number of grid intersect ions 
Point counts were  made on 10 different a r e a s  of each sample in the 
vicinity of the thermocouple, and the r e su l t s  were  averaged. 
Beta phase par t ic le  spacing was determined by a l inear  intercept  
Random l ines  of known length were  superimposed over the method. 
micros t ruc ture ,  and the number of beta phase par t ic les  intersecting the 
l ines  was counted. 
calculated, and the average particle spacing was  taken as 1 / p ~ .  For ty  
determinations were  made on each sample, and the resu l t s  were  a v e r -  
aged. 
The number of par t ic les  pe r  unit length (PL) was 
RESULTS AND DISCUSSION 
Solidification data for  fifteen 5456 aluminum alloy castings a r e  
These time intervals  were based on the time 
The selection of this  solidification range was 
given in Table 2. 
f r o m  9 to 519 seconds. 
required to cool f r o m  the liquidus tempera ture  to  the eutectic temper-  
a ture ,  45OoC (842OF). 
justified since the presence of the alpha plus beta eutectic indicated 
that Solidification was not complete until the eutectic i so therm was 
reached. 
gation was not sensitive enough to detect  the actual eutectic reaction 
The solidification t ime for  these castings ranged 
Since the tempera ture  measuring sys tem used in  this  investi-  
7 
The r e su l t s  of this investigation demonstrate  that the beta phase 
can be formed in castings of 5456 aluminum alloy as the resul t  of non- 
equilibrium solidification. 
beta phase found in 5456 welds is  also due tononequilibrium solidifi- 
cation. 
It i s  not unreasonable to assume that the 
According to recent  welding studies with one-half inch thick 2219 
aluminum alloy plate (Ref. 6),  welds solidify at r a t e s  higher than those 
used in  this  study. 
solidification range of 620 to 45OOC (1148 to 842OF) may  occur in  a r c  
welding. 
Solidification indices of 30°C/sec o r  m o r e  for  a 
Metallographic examination of the fusion zone of welded 5456, 
three-fourth inch thick plate, indicated that approximately 8 to 9 
volume percent  beta phase was present.  
include the heavy beta phase formations found in the crown laps  of 
welds, as shown in FIG 9a. 
ation in the weld fusion zone. 
compared closely with the micros t ruc ture  of the most  rapidly solidified 
castings prepared  in this  study. 
zone were  small and dispersed with a n  average par t ic le  spacing of 
.03mm. 
of the beta phase in the fusion zone appear  to be consistent with a 
solidification index of about 3OoC/ sec. 
This measurement  does not 
FIG 9b i i ius t ra tes  the beta phase form-  
Within the fusion zone, the micros t ruc ture  
The beta phase par t ic les  in the fusion 
The measurements  of the volume percent and par t ic le  spacing 
Beta phase formations like those observed in the crown laps  of 
welds were  not observed in any of the castings prepared  during this 
investigation. 
Also, it should be noted that the actual quantity of beta phase 
present  in castings and welds was higher than the amount predicted 
with the aid of Equation (1). 
beta phase, the apparent  nonequilibrium solidus for  5456 castings with 
a solidification index of 18OC/sec is shown in FIG 10. 
may  be related to  e r r o r s  in the assumptions associated with Equation 
(1). F o r  example, Ti l ler  e t  a1 (Ref. 7) have challenged the assumption 
that diffusion is  complete in the liquid and have stated that diffusion is  
not rapid enough in the liquid to permi t  complete diffusion to  occur.  
On the bas i s  of the observed quantity of 
This discrepancy 
It is  unlikely that the formation of the beta phase can be avoided 
in welds. 
the quantity and distribution of the phase. However, two opposing 
Regulation of solidification r a t e s  pe rmi t s  some control of 
9 
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TABLE I1 
Solidification Data for 5456 Aluminum Alloy Castings 
Trough Mold 
Heat Approx. Mold Observed Solidification Solidification 
No. Casting Temp. Liquidus Time Index 
Temp. ,  OC OC Temp.,OC sec OCIsec 
ST-8 
ST- 10 
ST- 1 
ST-7 
ST-2 
ST- 3 
ST-4 
ST- 5 
ST-6 
ST-9 
780 
800 
810 
770 
770 
800 
820 
810 
890 
- 
J- 
20- 
10 
30 
20 
2 00 
300 
356 
400 
442 
5 33 
612 
610 
590 
612 
590 
600 
618 
614 
620 
621 
9 
10 
16 
19 
17 
32 
40 
57 
160 
519 
18.0 
17. 6 
9 . 3  
8. 5 
8. 2 
4 .7  
4 .2  
2 . 9  
1 . 1  
0 .33  
Cylindrical Mold 
Heat Mold Observed Solidification Solidification 
No. Temp. Liquidu s Time Index 
C l s e c  0 OC Temp. ,  OC sec  
sc- 12 30 
s c - 1 1  90 
s c - 1 0  204 
sc-9 31 5 
SC-8 426 
614 
61 6 
618 
616 
618 
82 2 . 0  
116 1.4 
198 0. 85 
2 50 0 .  66 
298 0. 56 
0 
*Water quenched f r o m  550 C 
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FIGURE 1 PARTIAL ALUMINUM-MAGNESIUM PHASE DIAGRAM 
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FIGURE 2 CALCULATED NONEQUILIBRIUM SOLIDUS FOR 
ALUMINUM-5% MAGNESIUM ALLOY 
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Thermocouple 
Copper Mo Id 
11/2x11h in. dia. 
- 
r S a n d  Bath 
(a) Cylindrical Mold 
(Full Scale) 
Cavity: 6x1~1;/4 in.max. depth 
3 
Thermocouple 7 1/55 
(b) Copper Trough Mold 
(Half Scale) 
FIGURE 3 MOLD DESIGNS 
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(a) Solidification Index = 18 deg C/sec 
Keller's Etch (Modified) 
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(b) Solidification Index = 8.5 deg C/sec 
Keller's Etch (Modified) Mag. 200X 
FIGURE 4 MICROSTRUCTURE OF CAST 5456 ALUMINUM ALLOY 
(TROUGH MOLD) 
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(a) Solidification Index = 4.2 deg C/sec 
Keller's Etch (Modified) Mag. 200X 
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FIGURE 5 MICROSTRUCTURE OF CAST 5456 ALUMINUM ALLOY 
(TROUGH MOLD) 
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FIGURE 6 MICROSTRUCTURE OF CAST 5456 ALUMINUM ALLOY 
(CYLINDRICAL MOLD) MTP-P6VE-M-63.18 
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FIGURE 9 EXAMPLES OF BETA-PHASE FORMATION IN 5456 WELDS 
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